P neumocystis pneumonia (PCP)
3 has long been recognized as an opportunistic infection affecting immunocompromised patients (1) (2) (3) (4) . Host defense factors are considered important determinants of susceptibility to the pathogen. Diseases affecting cell-mediated immunity, such as leukemia, SCID, and HIV infection, are classically associated with PCP, but the infection has been reported as a complication of a wide range of other immunosuppressive conditions (reviewed in Refs. 4, 5) . Respiratory failure continues to represent a major sequel of PCP. While alveolar infiltrates appear on the chest radiograph, the degree of hypoxemia, altered lung mechanics, and increased work of breathing are often out of proportion to the severity of the radiographic findings, suggesting the existence of intrapulmonary shunting and microatelectasis. Work from this laboratory and others has provided evidence that PCP, both directly and via the host inflammatory response, induces dysfunction of the pulmonary surfactant system (6 -12) .
Pulmonary surfactant is a surface-active mixture of phospholipid and protein secreted by alveolar type II cells that reduces surface tension at the air-liquid interface, permitting alveolar stability throughout the respiratory cycle (12, 13) . In addition to lipid, biochemical analyses have characterized four unique surfactantassociated proteins (SP) designated SP-A, SP-B, SP-C, and SP-D (reviewed in Refs. 14, 15), which can be subdivided into two groups based on structure, function, and solubility. The hydrophobic proteins SP-B and SP-C are involved in adsorption of lipid at the air-liquid interface (16, 17) . The more hydrophilic proteins, SP-A and SP-D, do not contain significant intrinsic biophysical activity but are members of a growing family of proteins that plays a role in the innate or non-Ab-mediated immune response (18) . The term collectin (collagen-like lectin) has been used to describe this family whose non-lung members include serum proteins mannose-binding lectin, bovine conglutinin, and CL-43 (19) . SP-A and SP-D are recognized as important components of the pulmonary innate immune system modulating complex interactions that occur between pathogens and host effector cells (reviewed in Ref. 20) .
SP-D is a single gene product that can be detected both in type II cells and Clara cells (21, 22) . Monomeric SP-D (43 kDa) contains a collagen-like triple helical domain and a calcium-dependent carbohydrate recognition domain (21) . Biosynthesis of SP-D includes assembly of monomeric SP-D into trimers followed by oligomerization of four trimers via critical cysteine residues at positions 15 and 20 located within the hydrophobic tails to produce a dodecamer (23, 24) . When fully assembled, SP-D is capable of mediating a variety of functions, including aggregation of pathogens, lysis of microbes, enhancement of phagocytosis, modulation of cytokines and reactive species, and mediation of effector cell proliferation.
The mechanistic regulation of the observed pro-and antiinflammatory functions of SP-D is incompletely defined. However, based on data published for SP-A, which has a similar functional duality, it has been suggested that proinflammatory functions of collectins are mediated by tail domains, via binding to CD91 and calreticulin, and antiinflammatory functions by the head domains, via binding to signal regulatory protein-␣ (SIRP␣). Recent work from our group has shown that both in vitro and in vivo, SP-D is capable of undergoing posttranslational modification by NO to produce Snitrosylated forms that disrupt higher order oligomerization. Furthermore, S-nitrosylated SP-D (SNO-SP-D) serves as a proinflammatory mediator enhancing macrophage migration and lung chemokine production (25) .
Immune reconstitution disease (IRD) in response to a number of microorganisms has been described in patients immunosuppressed by HIV infection and by other mechanisms, including chemotherapy (26 -30) . In the context of PCP, this syndrome encompasses an acute symptomatic respiratory decompensation that is related temporally to treatment of PCP coupled with reconstitution of host immune processes (such as reduction in the dosage of corticosteroids and/or cytotoxic agents or a reduction in HIV viral load). This combination results in the development of immunopathologic lung damage and acute respiratory failure. Although highly active antiretroviral therapy has led to a decrease in opportunistic infections (31), paradoxical worsening of lung function and respiratory failure have been reported after the beginning of highly active antiretroviral therapy in patients treated for PCP (26 -30) . It has been proposed that this phenomenon results from transient worsening of inflammation due to pulmonary recruitment and activation of immune cells responding to persistent Pneumocystis cysts or Ags.
Immmune reconstitution in the setting of PCP has been predominantly modeled in murine hosts using selective transfer of lymphocyte subsets. Pneumocystis murina-infected scid mice subjected to direct immunologic reconstitution with selective populations of sensitized CD4 and/or CD8 T cells mount protective responses to the organism that results in focal areas of pulmonary inflammation marked by elaboration of IL-1␤, IL-6, IFN-␥, as well as macrophage-derived TNF-␣ near the sites of cell-organism contact (9, (32) (33) (34) (35) (36) . In the present study we have modified an established and validated model of PCP that utilizes selective depletion of CD4 ϩ cells from mice followed by intratracheal inoculation with P. murina (37) (38) (39) . To model IRD, withdrawal of the depleting Ab was performed before the development of overt PCP (ϳ2 wk). We found that during the ensuing 4 wk, these reconstitutions produce significant pulmonary inflammatory responses characterized by depletion and dysfunction of hydrophobic pulmonary surfactant components. Additionally, selective up-regulation of SP-D expression occurs accompanied by alterations in its quaternary structure and function mediated by local S-nitrosylation of SP-D monomers. These findings represent a novel paradigm for modulation of lung inflammation by an intrinsic innate host defense protein subjected to a selective, nonenzymatic posttranslational modification. Furthermore, the results also extend our understanding of the mechanisms of IRD during PCP that could suggest novel therapeutic approaches for this increasingly important clinical problem.
Materials and Methods

Antisera
Monospecific, polyclonal surfactant protein antiserum against SP-B has been previously characterized in detail (40) . A monospecific, polyclonal Ab against SP-D (AB 1754) was produced in rabbits using synthetic peptides corresponding to two homologous regions of the mouse/human SP-D sequences as the immunizing Ag and has been previously described (41) . This Ab recognizes denatured isoforms of mouse SP-D as well as both denatured and native forms of human SP-D. A polyclonal antiserum against recombinant mouse SP-D was purchased from Chemicon. This antiserum recognizes multiple isoforms (native greater than denatured) of murine SP-D.
Mouse model of Pneumocystis infection and immunoreconstitution
C57BL/6 mice were purchased from Charles River Laboratories and housed in a barrier isolation animal care facility at the University of Pennsylvania in filter-top cages for 7 days before inoculation. Experiments were performed between 8 and 14 wk of age on male and female mice. Mice received sterile rodent chow and sterile drinking water. Normal sentinel mice were examined routinely for the presence of unintended pathogens by culture and serology. The Institutional Animal Care and Use Committees of the University of Pennsylvania reviewed and approved all animal procedures. Organisms. P. murina organisms were obtained from the lungs of athymic mice (nu/nu on a BALB/c background from Taconic Laboratories) in which Pneumocystis organisms are propagated by serial passage as previously described (37) . Before dispersal of P. murina by homogenization using a Stomacher apparatus, bacterial contamination was excluded by the routine use of Gram staining of touch preparations of each harvested lung. Following centrifugation, organisms collected in the resulting pellet were stained with modified Giemsa stain, counted, and then inoculated intratracheally (0.1 ml ϭ 2 ϫ 10 5 P. murina cysts) into anesthetized mice.
Generation of P. murina infection and IRD.
The experimental design utilized in these studies is illustrated in Fig. 1 . C57BL/6 mice were subjected to selective CD4 depletion via i.p. injection twice weekly with the mAb GK1.5 as previously published (42) (43) (44) . Control mice received i.p. injection of equal volumes of PBS. One week after initiation of CD4 depletion, FIGURE 1. CD4-depleted mouse model of PCP and IRD. A, C57BL/6 mice were immunosuppressed by selective CD4 depletion via i.p. injection twice weekly with the mAb GK1.5. One week following the initiation of CD4 depletion, mice were inoculated with P. murina cysts as described in Materials and Methods. Immunosuppression was continued for 2, 4, and 6 wk to promote P. murina infection as previously published (42) . B, IRD was produced by discontinuation of immunosuppression through withdrawal of GK1.5 2 wk after inoculation. Mice were then sacrificed 2 or 4 wk (i.e. 2 wk ϩ 2 wk or 2 wk ϩ 4 wk groups, respectively) after removal of GK1.5.
experimental animals were intratracheally inoculated under direct visualization with 2 ϫ 10 5 P. murina cysts harvested from the colony of P. murina-infected nu/nu mice. Following inoculation, P. murina infection was allowed to progress for 2 wk before initiation of immune reconstitution through withdrawal of GK1.5 Ab for an additional 2 or 4 wk as indicated (i.e., IRD). As positive controls, mice inoculated with P. murina were subjected to continuous CD4 depletion with GK1.5 for up to 6 wk. FACS analysis of CD4 cells. Flow cytometric analysis was used to verify depletion of CD4 ϩ T cells at the time of inoculation and to track immune reconstitution after withdrawal of GK1.5 treatment. At indicated time points, spleens from nondepleted, depleted, and immune-reconstituted mice were passed through a wire mesh, and splenocytes were isolated by gradient centrifugation with Histopaq-1077 (Sigma-Aldrich). Cells (5 ϫ 10 5 /well) were incubated on ice for 30 min with FITC-labeled anti-CD3 and allophycocyanin-labeled anti-CD4 (clone RM4-5) or isotype-matched irrelevant Abs (all from BD Pharmingen). Data were collected on a FACSCalibur flow cytometer and analyses were performed using CellQuest software (BD Biosciences). Data are expressed as a percentage of CD3 cells with positive staining for CD4. Quantitation of pneumocystis infection. The magnitude of viable organism burden in P. murina-inoculated mice was assessed by quantitative RT-PCR using the method of Zheng et al. (45) . Total RNA was isolated from the left lungs of infected mice by a single-step method using TRIzol reagent (Invitrogen). Plasmids containing P. murina rRNA (a kind gift from Dr. Chad Steele, University of Alabama-Birmingham) were used as a standard for the assay. The template was digested with RNase-free DNase, quantitated by spectrophotometry, and aliquoted at Ϫ80°C until further use. The TaqMan PCR primers for mouse Pneumocystis rRNA are 5Ј-ATG AGG TGA AAA GTC GAA AGG G-3Ј and 5Ј-TGA TTG TCT CAG ATG AAA AAC CTC TT-3Ј. The probe was labeled with a reporter fluorescent dye, FAM, and the sequence was FAM-AAC AGC CCA GAA TAA TGA ATA AAG TTC CTC AAT TGT TAC-TAMRA. Real-time PCR was conducted using
FIGURE 2. Recovery of CD4
ϩ cells after withdrawal of GK1.5 Ab results in clearance of P. murina. PCP in continuously CD4-depleted mice and IRD mice were generated as described in Materials and Methods and schematically illustrated in Fig. 1 . A, For flow cytometric analysis, total spleen cells stained for CD3 and CD4 as described in Materials and Methods were subjected to FACS. The data were expressed as the percentage of CD4 expressing CD3 ϩ T cells (mean Ϯ SEM; n ϭ 4 -8 in each group). At baseline, nondepleted controls demonstrated 54% CD4 ϩ T cells. ‫,ء‬ p Ͻ 0.05 for reconstituted group vs corresponding CD4-depleted group at the same interval postinfection; #, p Ͻ 0.05 vs from corresponding treatment group; &, p Ͻ 0.05 vs nondepleted mice. B, P. murina burden after withdrawal of GK1.5. Viable P. murina were quantitated by real-time PCR measurement of rRNA copy number using a standard curve of known copy number of P. murina 18S RNA as described in Materials and Methods. Data are expressed logarithmically as copy number (mean Ϯ SEM; n ϭ 4 -8 in each group). ‫,ء‬ p Ͻ 0.05 for IRD mice vs corresponding CD4-depleted group at same time post infection; #, p Ͻ 0.05 vs from corresponding treatment group; @, p Ͻ 0.05 vs CD4-depleted PCP group 2 wk postinoculation. one-step TaqMan RT-PCR reagents (Applied Biosystems). The PCR amplification was performed for 40 cycles, with each cycle at 94°C for 20 s and 60°C for 1 min, in triplicate using the ABI Prism 7700 SDS. Threshold cycle values were averaged triplicate reactions, and data were converted to rRNA copy number by using a standard curve of known copy number of P. murina rRNA. This assay has a correlation coefficient Ͼ0.98 over 8 logs of P. murina rRNA concentration and correlates with viable organism counts.
Lung tissue
Histology and inflammation scores. Following lavage, left lungs were removed and frozen in liquid nitrogen for RT-PCR analysis; right lungs were inflated and fixed with paraformaldehyde (4% in 0.1 M sodium cacodylate (pH 7.3)) for histological analysis. Paraffin-embedded lung sections stained with H&E were used to evaluate the intensity of pulmonary inflammation. Sections were scored in a blinded fashion by two independent observers to grade the intensity of inflammation using a previously validated scoring system (42) .
RT-PCR for CD4/CD8 expression.
To determine the microenvironment of the lung parenchyma subjected to IRD, CD4 and CD8 mRNA levels in harvested lung tissue were quantitated by RT-PCR as described by Phares et al. (46) and Jassare et al. (47) . Total RNA used for determination of P. murina rRNA described above was reverse transcribed using the TaqMan reverse transcription reagents kit (Applied Biosystems). CD4 and CD8 were then amplified using the following primers: CD4 (3Ј-GAG ATT ATG GCT CTT CTG CAT, 5Ј-ATC AGG AAG TGA ACC TGG TG) and CD8 (3Ј-TTC TCT GAA GGT CTG GGC TT, 5Ј-CAG CAA CTC GGT GAT GTA CT), a kind gift from Dr. Steven Albelda (University of Pennsylvania). PCR amplification of triplicate cDNA was performed on an Applied Biosystems 7500 Fast real-time PCR system for 40 cycles, with each cycle at 95°C for 15 s and 60°C for 1 min. Ct values obtained using Sequence Detection Software version 1.4 (Applied Biosystems) were determined, and relative amounts of specific mRNA were calculated using the relative quantitation (⌬⌬Ct) method and expressed as fold change. 18S RNA served as the endogenous control (assayed using a TaqMan gene expression assay from Applied Biosystems).
Bronchoalveolar lavage fluid (BALF) analyses
Cell counts. Lungs were lavaged with 0.5-ml aliquots of sterile saline to a total of 5 ml. Recovered BALF samples were centrifuged (400 ϫ g for 10 min) and the cell pellet was gently resuspended in 1 ml of PBS (with Ca 2ϩ and Mg 2ϩ ) for total cell count determination using a Z1 Counter particle counter (Beckman Coulter). Aliquots of cells were spun on a Thermo Shandon Cytospin-3 at 750 rpm for 3 min and stained with standard Diff-Quik for manual determination of cell differentials. Cells were identified as macrophages, eosinophils, neutrophils, and lymphocytes by standard morphology. Analysis of surfactant components. Cell-free BALF supernatants were separated into large-aggregate (LA) and small-aggregate (SA) fractions by centrifugation (20,000 ϫ g for 60 min at 4°C) as described previously (7) . Total protein content of LA and SA fractions was determined by the method of Bradford, with bovine IgG as a standard (48) . Total phospholipid content of LA and SA fractions was determined by the method of Bartlett (49) . Surface tension measurements. The biophysical activity of recovered surfactant from all experimental groups was measured in a capillary surfactometer (Calmia Medical) as described in detail previously (7, 50, 51) . Briefly, LA fractions of BALF were diluted with saline to a total phospholipid concentration of 1 mg/ml and 0.5-l samples and then introduced into the glass capillary of the capillary surfactometer and compressed for 120 s, resulting in cyclic extrusion from the narrow end of the capillary permitting airflow during capillary patency. The percentage of the 120-s study period that the capillary is patent was calculated and data were expressed as percentage openness. Each sample was analyzed in triplicate. PAGE and immunoblotting. BALF proteins were separated and analyzed by two methods. Denaturing SDS-PAGE was performed under reducing conditions using 10-20% Novex tricine gels for SP-B and NuPAGE Novex 10% Bis-Tris gels for SP-D (all from Invitrogen).
Native gel electrophoresis for detection of SP-D quaternary structure was performed using NuPAGE 3-8% Tris-acetate (Invitrogen) as previously described (25) . Calculated equal amounts of SP-D determined first using SDS-PAGE as described above were mixed with a cold native Trisglycine sample buffer before loading. Electrophoresis was run at room temperature at a constant voltage of 150 V for 2 h. Proteins were then transferred to polyvinylidene difluoride membranes.
Separated proteins (1 g of total protein per lane) were transferred to nitrocellulose at room temperature using Tris-glycine transfer buffer at 30 V overnight. Blots were blocked for 1 h at room temperature with 10% nonfat milk and then incubated with primary SP-B (1/5000 dilutions) or SP-D Ab (1/20,000 dilution) for 1 h. The intensity of bands visualized using HRP-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories) and ECL (Amersham Biosciences) were quantitated by densitometric scanning of exposed films or direct acquisition on a Kodak 440 imaging system. Biotin switch assay for detection of SNO-SP-D. Detection of SNO-SP-D was performed via an adaptation of the biotin switch method (52) . BALF (30 g of total protein) was diluted in HEN buffer (25 mM HEPES (pH 7.7), 0.1 mM EDTA, 0.01 mM neocuproine) and 20 M N-ethylmaleimide at 37°C for 30 min to block free thiols. Excess N-ethylmaleimide was removed by protein precipitation using cold acetone. Protein pellets were resuspended in diethylenetriaminepentaacetic acid and S-nitrosothiol (SNO) bonds decomposed by adding 20 mM sodium ascorbate. The newly formed thiols were linked with the sulfhydryl-specific biotinylating reagent N- [6-biotinamido) -hexyl]-1-(2-pyridyldithio)propionamide (biotin-HPDP; Pierce Biotechnology). Biotinylated proteins were precipitated with streptavidin-agarose beads, and Western blot analysis was performed to detect the amount of captured SP-D using polyclonal SP-D antiserum. NO measurements. BALF samples were analyzed for NO metabolites by chemical reduction and chemiluminescence using the Ionics/Sievers nitric oxide analyzer 280 (NOA 280; Ionics Instruments), as previously described (53) . All nitrogen oxides were reduced by use of an excess of vanadium chloride in hydrochloric acid at 95°C, and measurements using these conditions were considered as a total nitrogen oxide measurement.
Nitrite was measured independently and subtracted from the total NO to calculate the concentration of nitrate. Nitrite analysis was performed using FIGURE 7. Immunoreconstitution of C57BL/6 mice following inoculation with allogenenic lung homogenate does not produce significant lung injury. CD4-depleted C57BL/6 mice were inoculated with 100 l of lung homogenate (LH) from uninfected nu/nu (BALB/c background) donors. A control group consisted of mice subjected to CD4 depletion only for 6 wk (CD4 Depleted). Four weeks postinoculation, GK1.5 was withheld from indicated groups (4 ϩ 2; 4 ϩ 4) to produce immunoreconstitution. Mice were sacrificed as indicated at 4, 6, and 8 wk after LH inoculation. A, Total BALF cell counts were determined using a Coulter counter as described in Materials and Methods. Data are expressed as cell numbers ϫ 1000. Values are shown as mean Ϯ SEM (n ϭ 5-7 animals in each group). B, Total protein content of BALF fractions was determined by the method of Bradford (48) . Data are expressed as mean Ϯ SEM (g) per mouse. a Multiplex analysis of BALF for all groups for cytokine/chemokine was performed as described in Materials and Methods. Data are expressed as total cytokine recovered (in pg) as mean Ϯ SEM (n ϭ 5 in each group). Groups were compared using one-way ANOVA. ‫,ء‬ p Ͻ 0.05 vs uninfected (Lung homogenate inoculated) mice; #, p Ͻ 0.05 vs 6 wk CD4-depleted Pneumocystis-infected group. a KI and acetic acid mixture at room temperature (54) . Resultant signal areas from each assay were compared with standards to calculate the concentration of each nitrogen oxide. Sodium nitrate and nitrite (SigmaAldrich) were utilized as the standards for the vanadium and iodide assays, respectively. Measurement of cytokines. Sandwich ELISA assays of BALF from all groups for levels of MCP-1 (CCL2), eotaxin, and KC were performed using Quantikine kits from R&D Systems following the manufacturer's instructions. BALF IFN-␥ and TNF-␣ were measured using sandwich ELISA kits from BD Pharmingen. All samples were assayed in duplicate. Chemotaxis assay. Directed migration (chemotaxis) of cells was performed as previously described (25) . Briefly, 50 l of RAW 264.7 cells (American Type Culture Collection), suspended at 2 ϫ 10 6 cells per ml in DMEM, was placed in the upper wells of a 48-well microchemotaxis chamber (Neuro Probe). The lower chambers contained 40 l of test solution, consisting of DMEM and either saline (control) or BALF from PCP infected or reconstituted mice. A polyvinylpyrrolidone-free polycarbonate filter (5-m pores) was placed between the wells along with the rubber gasket of the assembly. The chamber was incubated for 3 h at 37°C with 5% CO 2 . Nonmigrating cells were scraped from the upper surface, and the filter containing migrating cells was stained with Hemacolor differential blood stain and mounted on a glass coverslip. Cells migrated through the filter were counted in 10 randomly selected oil-immersion fields in each well at ϫ100 magnification. Data were expressed as the average of the three fields in cells per oil-immersion field.
Statistical analysis
Data analyses were performed using GraphPad InStat v3.06 for Windows (GraphPad Software). Parametric data were analyzed with ANOVA or Student's t test assuming equal variances to test differences between groups. Data were expressed as mean Ϯ SEM. Nonparametric data were analyzed by the Wilcoxon/Kruskal-Wallis rank sum test. Data were expressed as median values. In all cases a p value of Ͻ0.05 was considered as significant.
Results
Kinetics of P. murina infection and CD4 cell recovery in a model of IRD
Administration of two doses of GK1.5 mAb resulted in complete depletion of peripheral CD4 ϩ T cells ( Fig. 2A) . Following withdrawal of the Ab 2 wk after intratracheal inoculation of P. murina, CD4 T cells in the periphery recovered over the ensuing 4 wk, reaching 65% of nondepleted mouse levels.
In mice persistently depleted of CD4 cells, progressive infection with P. murina occurred. Using a sensitive and quantitative RT-PCR protocol, P. murina-specific rRNA was detected at 2 wk postinoculation and increased progressively to week 6 (Fig. 2B) . In contrast, the P. murina burden in mice undergoing immune reconstitution at week 2 had similar degrees of viable organisms 4 wk after inoculation. However, following the return of significant numbers of peripheral CD4 T cells (4 wk), there was a significant reduction in P. murina burden in the IRD group.
Quantification of lung inflammation and cellular accumulation
Despite significantly lower organism burdens, IRD mice infected with P. murina developed equivalent amounts of parenchymal pulmonary inflammation (Fig. 3A) . Scoring of histopathology from these groups demonstrated progressive cellular inflammation in the CD4-depleted group through 6 wk postinoculation, which was similar to that observed in the IRD group even 4 wk after GK1.5 withdrawal (Fig. 3B) . Furthermore, using RT-PCR to detect expression of T cell surface Ags (Fig. 4) , the lung parenchyma from the IRD group was found to be infiltrated with a combination of CD4 and CD8 cells while, as expected and consistent with previous reports (55) , lung tissue from the CD4-depleted group infected with P. murina had marked increases in CD8 expressing cells.
The increase in parenchymal cellular infiltrates in IRD mice was accompanied by a commensurate increase in total BALF cell counts (Fig. 5A) . Diff-Quik staining of cytospins from the BALF subjected to differential cell counting demonstrated that the alveolar cell population consisted predominantly of macrophages but also had a significant degree of neutrophilia and increased numbers of lymphocytes (Fig. 5B) .
Measurement of lung injury and alteration in surfactant components
Importantly, despite a Ͼ95% reduction in P. murina organism burden, at 6 wk postinoculation (and 4 wk postreconstitution), IRD mice continued to display elevated amounts of total BALF protein similar in magnitude to persistently infected mice (Fig. 6A) . This finding was also reflected in increased lung-to-body weight ratios in both groups (Fig. 6B) . Taken together, the indices of lung injury following IRD are enhanced relative to the degree of infection. These changes in cellularity and protein leak were not seen when mice were CD4 depleted, inoculated with lung homogenate from uninfected nu/nu (BALB/c background) donors, and then subjected to immune reconstitution, indicating that the inflammatory responses were not attributable to the use of allogenic donor mice (Fig. 7) .
Inflammatory mediators present in the BALF of the injured groups were also assessed. Both P. murina-infected and IRD mice demonstrated elevations in total BALF NO and its oxidative forms (nitrates) (Fig. 6, C and D) . Multiplex BALF cytokine analysis revealed that 6 wk after inoculation, there were marked elevations in MCP-1 in both P. murina-infected (CD4 depleted) mice as well as IRD ("2 ϩ 4") mice, although the increases were slightly greater in the IRD group (Table I) . Compared with uninfected controls, IRD mice had significant increases in KC and IFN-␥, while P. murina-infected (6 wk) groups had significant elevations in IFN-␥, but there were no differences between the two groups.
Biochemical analysis of BALF revealed that 6 wk postinoculation, despite the marked variations in organism burden, CD4-depleted and IRD mice each had marked decreases in SP-B levels in the biophysically active large aggregate surfactant fraction (Fig.  8A ), which was accompanied by similar decreases in total phospholipid (Fig. 8B) . The alterations in SP-B protein and phospholipid contents were reflected in a dysfunctional surfactant in both groups where, using a capillary surfactometer, moderate reductions in surface activity could be seen (Fig. 8C) . Consistent with the results obtained for cell counts and BALF protein (Fig. 7) , total phospholipid in large aggregate surfactant fractions was not altered in mice receiving intratracheal uninfected BALB/c lung homogenate followed by withdrawal of GK1.5 (data not shown).
IRD promotes nitrosylation of SP-D
Despite decreases in SP-B and phospholipid that evolved during immune reconstitution, SP-D levels were significantly increased in mice subjected to immune reconstitution within 2 wk after withdrawal of GK1.5. By Western blotting and quantization, IRD mice had SP-D levels that were 3-fold higher than uninfected controls and 60% greater than mice continuously infected with P. murina (Fig. 9A) . Recently, we have shown that inflammatory lung injury can induce alterations in SP-D structure and function through Snitrosylation of cysteine residues in its NH 2 tail region (25) . We therefore subjected BALF from these mice to analysis for the presence of SNO-modified SP-D and performed native gel electrophoresis to determine molecular subspecies of SP-D. As shown in Fig. 9B , using a biotin derivitization method, SP-D in the BALF of immunoreconstituted mice showed increased levels of S-nitrosylation that were accompanied by marked alterations in quaternary structure. Under these electrophoresis conditions, native SP-D from CD4-depleted mice with Pneumocystis infection is too large (M r Ͼ 800,000) to enter the 10% resolving gel and it remains in the wells (Fig. 9C) . Similar patterns were obtained for BALF from uninfected mice (data not shown). In contrast, BALF from IRD mice that contained marked amounts of S-nitrosylated SP-D exhibited significant amounts of smaller molecular forms (trimers). Taken together, these data indicate that a selective and specific modification of SP-D by NO occurs during the inflammatory response associated with IRD.
We have recently shown that S-nitrosylated SP-D could alter the chemotactic ability of macrophages (25) . Both P. murina infection and IRD produced increases in alveolar macrophage numbers 6 wk after Pneumocystis inoculation. Based on this, we hypothesized that under conditions of IRD, the alterations in SP-D structure we observed could functionally promote macrophage chemotaxis. We examined the ability of both modified and unmodified SP-D to act as a chemoattractant for macrophages. Utilizing a modified Boyden chamber with RAW cells as the target, BALF from IRD mice promoted significantly greater chemotaxis than did that from CD4-depleted animals (Fig. 10) . Pretreatment of the BALF with ascorbate, which removes the NO moiety from SNO, significantly reduced the chemotactic efficacy of BALF to levels similar to those seen with PCP and CD4 depletion.
Discussion
The coordinated regulation of the immune response to promote organism clearance and then limit local tissue damage is crucial to effective lung host defense. Multiple studies have shown that CD4 T cells are essential for proper clearance of Pneumocystis pulmonary infection (36, 38, 56) . Clinically, several case reports and series have detailed PCP patients who have undergone immune recovery and developed acute respiratory failure (26 -29) . We have developed a murine model of IRD in which the return of native CD4 ϩ T cells through the withdrawal of an immunosuppressive mAb, GK1.5, mimics the clinical disease in humans. In this model, as in humans with IRD, we observed marked increases in pulmonary inflammation and lung injury parameters despite significantly attenuated P. murina burden. Utilizing this model, the present study extends previous observations of IRD pathogenesis through identification of a novel form of SP-D posttranslationally modified by S-nitrosylation that profoundly alters its normal immunosuppressive effects on lung effector cell function.
It has been previously well documented that in the pathogenesis of respiratory failure in PCP, the surfactant system plays important role in the modulation of lung mechanics and of gas exchange (7) (8) (9) . In the present study, we documented changes in surfactant component expression and biophysical activity, including selective down-regulation of phospholipid and SP-B along with corresponding increases in surface tension. However, immune reconstitution resulted in an equally pronounced surfactant dysfunction, suggesting that the host response to residual Pneumocystis organisms or Ags can further modulate inhibition of surfactant activity. Coupled with the finding that uninfected lung homogenate failed to generate either a significant inflammatory injury (Fig. 7) or disruption of surfactant component expression, anti-Pneumocystis responses that occurred during CD4-mediated immune recovery were responsible for the observed enhancement of lung injury in mice and could be similarly responsible for the significant morbidity observed in patients with PCP and IRD.
While Pneumocystis organisms have been shown to attach directly to alveolar epithelial cells (57) , it is unlikely that Pneumocystis is playing a direct role in the IRD-mediated lung damage. In vitro we have shown that P. murina does not alter alveolar epithelial cell barrier function (58) , indicating that it is more likely that local inflammatory effector cells are mediating the observed lung damage. Furthermore, in the present study, equivalent or greater injury occurred despite decreased burdens of P. murina. The lungs of IRD mice showed increased lung edema and lungto-body weight ratios. Previously, other investigators have utilized reconstitution with bone marrow-derived CD4 and CD8 cells to model Pneumocystis-induced IRD in scid/scid mice (33, 34, 36, 59) . Under normal circumstances, this strain typically develops low levels of pulmonary inflammation despite high organism burdens. When reconstituted with CD4 cells, those mice developed marked increases in lung injury and gross physiological changes associated with decreased lung compliance. Although the molecular mechanisms underlying the observed findings were not completely defined, the time course (4 -6 wk) for lung injury seen in those studies appears to be similar to the model utilized for the present study.
In this model, histological scores of parenchymal inflammation were significantly increased in both P. murina-infected and IRD groups (Fig. 3B) . However, using more sensitive methods, we were able to detect subtle differences in the cellular composition of the inflammatory response that were consistent with immune reconstitution. By RT-PCR, the infiltration of the lung parenchyma that occurred during IRD consisted of both CD4 and CD8 expressing cells, while responses in CD4-depleted (GK1.5-treated) mice infected with P. murina were limited to CD8 cells (Fig. 5) . Furthermore, in addition to alterations in lung parenchymal infiltration, there was a relatively greater increase in BALF cells late in the course in IRD mice compared with their P. murina-infected CD4-depleted counterparts (Fig. 4) . The histology and accompanying scoring reflect primarily parenchymal inflammation from accumulation of inflammatory cells in the tissue. In contrast, cells recovered in the BALF reflect effector cells that have traversed into the airspaces. The observed dichotomy between parenchyma and alveolus provides support for the concept that soluble mediators/ chemoattractants preferentially compartmentalized in the airspaces could promote chemotaxis.
Mechanistically, in addition to increased local effector cells, the enhanced inflammation and tissue damage seen in the lungs of mice with IRD appear to be mediated in part by reactive oxygen/ nitrogen species. In previous work in a CD4-depleted model, we demonstrated elevations in the level of total NO production and inducible NO synthase (iNOS) protein expression in the BALF cell pellet during PCP (50, 60) . In this study, the BALF from IRD, Pneumocystis-infected mice contained increased levels of both total NO and nitrite. We have previously shown both in PCP and in bleomycin-induced lung injury that enhanced NO/nitrite correlate with levels of 3-nitrotyrosine, a marker of oxidative-nitrative stress arising from the reactive product of NO and superoxide (50, 53, 61) . Taken together, the data are consistent with the concept that despite clearance of the organism, NO and its metabolites produced locally rapidly interact with molecular targets in the lung to promote damage. The present data also raise the possibility of using selective inhibition of iNOS as a therapeutic strategy to limit lung damage from NO-mediated inflammation that occurs during IRD. A similar approach of iNOS modulation has been shown to be effective in limiting damage in bleomycin models of injury (62) .
In addition to direct tissue damage by reactive oxygen/nitrogen species, posttranslational modification of selected protein targets by NO could also occur. One such target of NO appears to be SP-D. It is well known that the lung collectins can modulate both pro-and antiinflammatory effects in vitro and in vivo (50, 53, (63) (64) (65) (66) (67) (68) (69) . Recently, mechanistic insights into this conundrum have been reported. Using SP-A as the model, the immunomodulatory effects of lung collectins on macrophage function can be attributed in part to selective engagement of two different cell surface receptors capable of interacting with distinct spatial domains in the carbohydrate recognition head domain and N-terminal tail region present in SP-A and SP-D (70) .
We have recently extended this concept by demonstrating that the dichotomous functional nature of SP-D can be attributed to alterations in its multimeric structure by NO (25) . In its native multimeric form, SP-D is antiinflammatory, down-regulating the inflammatory responses of effector cells. However, in vitro, the transnitrosylation of SP-D with S-nitrosocysteine produces S-nitrosylation of two key cysteine residues (Cys 15 /Cys 20 ), resulting in disruption of normal quaternary structure (dodecamer) to produce predominantly monomeric and trimeric SNO-SPD that is chemoattractive for RAW macrophages and induces p38 MAPK phosphorylation mediated by binding to calreticulin/CD91. This observation led us to hypothesize that S-nitrosylation of SP-D was the molecular basis for the enhanced lung injury seen in IRD associated with PCP. Multiple findings documented in the present work support this concept. First, the increase in lung inflammation observed in IRD mice was accompanied by increases in alveolar levels of SP-D. In previous models of P. murina infection, increases in SP-D occurred late in the course of pulmonary infection (8, 71) . During IRD, P. murina-infected mice subjected to withdrawal of GK1.5 had even greater increases in total SP-D protein, but there was an associated marked alteration in its higher order structure. Second, S-nitrosylation of SP-D was observed in IRD. Third, faster migrating forms of SP-D were seen in native gel electrophoresis corresponding to these monomeric and trimeric forms (25) and were exclusively and markedly enhanced by immunoreconstitution and not P. murina infection alone (Fig. 9) . Fourth, treatment of BALF with ascorbic acid, which, based on its redox potential, selectively reduces S-nitrosylated proteins to release NO (52) , blocked the chemotactic activity of BALF obtained from IRD mice (Fig. 10) .
The modification of SP-D by inflammation during IRD represents an important emerging paradigm in local immunoregulation in the lung and extends previous similar biochemical and functional observations in a noninfectious mouse model of lung injury. In two previous studies, we have shown that administration of bleomycin to mice produces large amounts of macrophage-driven pulmonary inflammation that was also associated with formation of S-nitrosylated SP-D (25, 53) . Furthermore, treatment with either anti-SP-D or ascorbic acid blocks macrophage chemotaxis in vitro (25) . Similarly, treatment of IRD BALF with ascorbate in the present study also blocked chemotaxis. The effect of ascorbate on macrophage chemotaxis is unlikely to be due to direct effects of ascorbate on macrophages. We have shown that ascorbic acid is impermeable to many biological membranes (72) , so significant alterations in intracellular concentrations are not likely. Additionally, the control BALF (6 wk of PCP) in Fig. 10B was also treated with ascorbate and there was no effect on baseline chemotaxis. Therefore, it seems unlikely that there is either a significant effect on macrophages directly (apart from that of SNO-SP-D) or a modification of other components of the BALF by ascorbate treatment sufficient to alter chemotaxis. Finally, we have previously shown that in vitro S-nitrosylation of BALF from SP-D knockout mice using the SNO donor S-nitrosocysteine has no effect on p38 phosphorylation in RAW macrophages, indicating that NO produced during inflammation is exclusively targeting SP-D and not other protein components (e.g., SP-A, albumin) of BALF. Taken together, although chemokines such as MCP-1 are elevated during PCP and IRD (Ref. 73 and this study), the chemotactic activity of BALF from IRD mice is almost exclusively attributable to SNO-SP-D.
In conclusion, IRD in a mouse model using withdrawal of GK1.5 is associated with enhanced pulmonary injury and proinflammatory events. In parallel, IRD-mediated lung injury was associated with marked increases in BALF levels of SP-D. In vitro, the BALF showed enhanced nitrosylation of SP-D and promoted increased chemotaxis in a macrophage cell line in vitro. Thus, inflammation during IRD represents a feed-forward system in which the additional inflammation leads to further modification of SP-D by NO and subsequent proinflammatory effects mediated by these smaller SP-D forms. This study thus emphasizes the delicate balance that exists between collectins, the innate immune system, and pulmonary inflammation. Therapeutically, it is possible that the balance between modified and unmodified SP-D could modulate the relative degree of inflammation observed in lung injury, leading to the potential therapeutic use of native, multimeric SP-D-containing surfactants. Furthermore, as an alternative strategy, the local inhibition of NO production may in fact lead to decreased posttranslational modification of SP-D and limit the feed-forward inflammatory response and lung damage.
